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Abstract 26 
Recent surveys have documented severe declines in populations of the dominant kelp 27 
species, Saccharina latissima, along the south coast of Norway. S. latissima is a cold-28 
temperate species, and increasing seawater temperature has been suggested as one of the 29 
major causes. Several studies have shown that S. latissima can acclimate to a wide range of 30 
temperatures. However, local adaptations may render the extrapolation of existing results 31 
inappropriate. We investigated the potential for thermal acclimation and heat tolerance in S. 32 
latissima collected from three locations along the south coast of Norway. Plants were kept in 33 
laboratory cultures at three different growth temperatures (10, 15 and 20°C) for 4-6 weeks, 34 
after which their photosynthetic performance, fluorescence parameters and pigment 35 
concentrations were measured.  36 
Saccharina latissima obtained almost identical photosynthetic characteristics when 37 
grown at 10 and 15°C, indicating thermal acclimation at these temperatures. In contrast, 38 
plants grown at 20°C had suffered substantial tissue deterioration and showed reduced net 39 
photosynthetic capacity. The reduced photosynthetic capacity was caused by a combination of 40 
elevated respiration and reduced gross photosynthesis due to lowered pigment concentrations, 41 
altered pigment composition and reduced functionality of Photosystem II.  42 
Our results support the hypothesis that extraordinary warm summers, as observed in 43 
1997, 2002 and 2006, may have initiated the declines in S. latissima populations along the 44 
south coast of Norway. However, observations of high mortality in years with low summer 45 
temperatures, suggest that reduced population resilience, or other factors, may have 46 
contributed to the losses. 47 
 48 
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Introduction 49 
Ongoing climate changes leads to increasing sea temperatures. The average global sea 50 
surface temperature has increased by 0.6 ±0.2 °C over the last century (IPCC 2007), and 51 
larger increases have been reported from polar and cold-temperate areas and from shallow 52 
coastal waters and estuaries. The global distribution of marine algae is largely determined by 53 
water temperature (Lüning 1984, van den Hoek & Lüning 1988). Ocean warming is therefore 54 
expected to cause changes in the range distribution of many marine algae (van den Hoek et al. 55 
1990, Adey & Steneck 2001, Müller et al. 2009). Such changes have been documented for 56 
inter-tidal seaweeds (e.g. Diez et al. 2012), but similar data for kelps are rare. Most kelp 57 
species are cold-temperate species and ocean warming is expected to drive a pole-ward 58 
change in their distribution (Müller et al. 2009). No studies have yet documented changes in 59 
the range distribution of kelp caused by elevated sea temperatures (but see Johnson et al. 60 
2011), most likely because proper base-line data and extensive time-series are lacking 61 
(Merzouk & Johnson 2011, Wernberg et al. 2011). 62 
Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl and G.W. Saunders was 63 
previously the most common (>60% cover in the sub-littoral zone) kelp species along the 64 
south-coast of Norway where it used to form extensive, sub-tidal meadows extending from 65 
the Swedish border in the east, along the south coast of Norway and up to Bergen on the 66 
southern part of the Norwegian west-coast (Moy and Christie, 2012). These populations have 67 
declined dramatically since the end of the 1990’ies and especially so in 2002 and 2006 when 68 
substantial losses were recorded (Moy and Christie 2012). S. latissima is still present in the 69 
area, but mostly as single individuals or small scattered populations. Local reports indicate 70 
that these kelp forests have disappeared occasionally in the past, but also, that they used to 71 
recovered within few years. The production of spores in S. lattisima is large and kelp spores 72 
may disperse over great distances (Schiel and Foster 2006; Cie and Edwards 2011), although 73 
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most settle near the mother plants (Gaylord et al. 2006). The few scattered populations that 74 
still remain along the south coast of Norway should therefore be able to support recovery of 75 
the deforested areas. However, after a decade with barren grounds seasonally covered by 76 
mud, silt and filamentous algae there is presently no sign of recovery. The continued loss of 77 
the kelp populations in southern Norway has stimulated strong debate on the potential causes; 78 
some emphasize warmer sea water as the most important driver, while others state that coastal 79 
eutrophication might be more important. 80 
The optimal growth temperature for Saccharina latissima is variable, but seems to 81 
range from 10 to 15°C while poor growth is typically observed above 20°C (e.g. Fortes and 82 
Lüning 1980, Bolton and Lüning 1982). Increasing temperature will facilitate algal 83 
metabolism. If respiration is stimulated more than photosynthesis, then more light and/or a 84 
more efficient photosynthesis becomes necessary to maintain a positive carbon budget. In 85 
addition to affecting the carbon balance, high temperature may be harmful by disturbing 86 
enzyme driven processes and affecting the stability of the lipid membranes that contain the 87 
photosynthetic apparatus. However, most plants can to some degree compensate for the 88 
negative effects of increasing temperatures (see e.g. Campbell et al. 2007). If compensating 89 
mechanisms are present in S. latissima, it may have the ability to acclimate and thereby 90 
maintain a positive carbon budget and tolerate relatively high temperatures.  91 
Saccharina latissima can tolerate a broad range of temperatures. In the N Atlantic it is 92 
distributed from New York State (USA) and Portugal in the south to NE Greenland in the 93 
north (van den Hoek and Donze 1967; Druehl 1970; Borum et al. 2002; Bartsch et al. 2008). 94 
This range distribution means that some populations experience large annual variations in 95 
water temperature (e.g. from a few degrees to more than 20°C in temperate populations; 96 
Gerard and Du Bois 1988) whereas others are exposed to constantly low temperatures (e.g. 97 
from ‚1.5 to 0°C in NE Greenland; Borum et al. 2002). The wide distribution of S. latissima 98 
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may indicate the existence of ecotypes (as a result of adaptations) and/or a high capacity for 99 
thermal acclimation of photosynthesis and other metabolic processes. Davison and Davison 100 
(1987) studied the thermal acclimation in S. latissima collected at Helgoland (Germany) and 101 
found similar rates of light saturated photosynthesis and respiration in plants grown at 102 
temperatures ranging from 0 to 20°C for longer periods. These results were later confirmed 103 
for rates of photosynthesis obtained at low light and for light requirements (IC) in plants 104 
grown at 5 and 15°C, respectively (Davison et al. 1991). It was hypothesized that iso-enzymes 105 
(in the Calvin Cycle) with different temperature optima made it possible for S. latissima to 106 
acclimate to a wide range of temperatures (Davison and Davison 1987, Machalek et al. 1996).  107 
Gerard and Du Bois (1988), on the other hand, found that Saccharina latissima 108 
growing near its southern boundary in the NW Atlantic (New York, USA) were more tolerant 109 
to high temperatures than plants from colder regions (Maine, USA). The heat tolerance in 110 
plants from the southern population was explained by adaptation through improved ability to 111 
maintain high N reserves and, thus, enzyme systems that could aid the production of heat 112 
shock proteins (Gerard 1997). Similar results have been reported for Saccharina japonica 113 
(Liu and Pang 2009). It seems therefore that the ability of S. latissima to cope with a wide 114 
range of water temperatures depends on a combination of local adaptations and a high 115 
capacity for thermal acclimation. 116 
 The present study aimed to examine the capacity of Norwegian Saccharina latissima 117 
to acclimate to and cope with high temperatures (here 20°C). Plants were collected from three 118 
different locations along the south coast of Norway (Dröbak in the east, Grimstad in the south 119 
and Bergen in the west) and subsequently exposed to three growing temperatures (10, 15 and 120 
20°C) for an extended period (4-6 weeks) after which we measured the photosynthetic 121 
performance at five different assay temperatures (5, 10, 15, 20 and 25°C). The photosynthetic 122 
capacity, chlorophyll a fluorescence and pigment concentrations and composition in the plants 123 
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were finally compared across the respective growth temperatures and sampling sites. 124 
 125 
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Materials and Methods 126 
Sampling sites: Young sporophytes (5-25 cm long, FW 3.93±4.04 g) of Saccharina 127 
latissima were harvested at 5-10 m depth in the vicinity of Bergen, Grimstad and Dröbak in 128 
March 2010 (Figure 1). These sites vary with respect to water temperature (Figure 2); the 129 
average (over the period 1980 – 2006) mean temperature of the surface water (1 m depth) in 130 
the warmest month (August) was significantly lower near Bergen (15.6 ±1.6°C) than near 131 
Grimstad (17.4 ±1.6°C) and Dröbak (18.4 ±1.5°C) (repeated measures ANOVA; F = 135.2, p 132 
< 0.001, all sites different from each other). Average August temperatures in the surface water 133 
occasionally exceeded 20°C near Grimstad and Dröbak, but never so near Bergen. Water 134 
temperatures did also decrease with depth; water at 20 m of depth was significantly colder 135 
than at the surface, i.e. 13.0 ±2.1 versus 15.6 ±1.6°C near Bergen (paired t-test; t = 8.52, df = 136 
25, p < 0.001) and 15.6 ±0.8 versus 17.4 ±1.6°C near Grimstad (paired t-test; t = 8.49, df = 137 
26, p < 0.001). Water temperatures have increased substantially all along the south coast of 138 
Norway from 1980 to 2006 with an annual increase in the surface water temperatures ranging 139 
from 0.07°C (near Bergen) to 0.12°C (near Grimstad and Dröbak), corresponding to an 140 
average increase of ca. 2.01 – 3.15°C in 27 years.    141 
 142 
Overall experimental design: The collected plants were kept in transport boxes with 143 
water from the collection sites and immediately transported to the culture facility in Roskilde 144 
(Denmark) where they were kept at constant temperature (see below) and light conditions for 145 
at least four weeks, before being used in the experiments. Plants were held in aquaria (volume 146 
20 L) where they were tied to small PVC-plates with non-toxic silicon strings. Eighteen 147 
aquaria (the main experimental units), each holding 5 replicate kelp plants from each 148 
sampling site (15 individuals per aquarium), were placed in six temperature regulated water 149 
baths (3 aquaria per bath and 2 baths per temperature, making 6 aquaria per temperature in 150 
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total). The water temperature in the water baths was controlled by the combined use of 151 
thermostat regulated heaters (Julabo ED, Julabo Labortechnik GmbH, Germany) and coolers 152 
(P Selecta, J.P. Selecta, Spain) that kept the water temperature constant within ±0.2°C. The 153 
aquaria were filled with GFC-filtered sea-water with salinity 30-32 PSU and the water was 154 
replenished weekly. The initial temperature in the cultures equaled the in situ water 155 
temperature at the time of collection (8-9°C). Temperatures were subsequently changed by 156 
1°C per day until the warranted growth temperatures were reached (i.e. 10, 15 and 20°C). Our 157 
first attempt to establish cultures at 20°C failed as most of the involved plants died. The 158 
acclimating process was therefore repeated with a slower increase in temperature (ca. 0.5°C 159 
per day). We had too few plants from Dröbak to replace the lost ones, but plants from 160 
Grimstad and Bergen were fully represented at 20°C. Each water bath was illuminated by 161 
eight Halogen spots (OSRAM Decostar 51; 12V, 35W) which provided 56 μmol photons m-2 162 
s-1 (PAR) in a 12 h light 12 h dark cycle. The plants were kept at their final growth 163 
temperature for 3-4 weeks before being used for any measurements. 164 
Measurements of photosynthetic performance, chlorophyll a fluorescence, pigment 165 
concentrations and total N-content were carried out on four replicate plants from each 166 
combination of growth temperature and collection site. The measurements were executed 167 
after the acclimating period of 3-4 weeks. Replicate plants within the same growth 168 
temperature were collected from separate aquaria. 169 
 170 
Photosynthetic performance: Measurements of (dark) respiration and photosynthesis 171 
were performed in 800 mL gas tight, transparent chambers. Each chamber was equipped with 172 
a circulation pump (AquaBee, 300 L h-1) that ensured circulation of water within the chamber. 173 
One thallus was fixed within the chamber, which was filled with artificial seawater (salinity 174 
30 PSU). Pencilin G-sodium salt and Streptomycin sulfate salt were added to the water 175 
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(concentration = 50 mg L-1 for each) to reduce bacterial growth in the chamber. The water 176 
was bubbled with N2 to reduce the initial O2 concentration to ca. 60% of air saturation in 177 
order to prevent high O2 concentrations to build-up during incubations. The chamber was 178 
finally submerged into a water bath keeping a constant temperature (5, 10, 15, 20 or 25° C, 179 
respectively). The water bath held two replicate chambers at a time. 180 
Each chamber was equipped with a Clark-type O2 microelectrode (model OX-500, 181 
Unisense, Denmark) that was connected to a pico-amperemeter (model Picoammeter PA2000, 182 
Unisense, Denmark) and a Pico Technology ADC-16 high-resolution data logger. The O2 183 
concentration was recorded every minute throughout incubations. A lamp with 6 halogen 184 
spots (OSRAM Decostar 51; 12V, 35W) illuminated the set-up, and variable levels of 185 
irradiance were obtained by using shade screens with different densities. Incubations were 186 
initiated by measuring respiration in darkness. Photosynthesis was subsequently measured at 187 
increasing levels of irradiance (range: 0-375 μmol photons m-2 s-1 PAR). Rates of O2 188 
consumption or release were calculated from incubation periods with constant changes in O2 189 
concentration over a minimum of 10 min. Incubations (providing a full PI-curve) lasted for 3-190 
4 hours and four replicate PI-curves were run at each assay temperature. Photosynthetic rates 191 
were expressed in units of μmol O2 g
-1 FW h-1.  192 
 Respiration (RD) was measured in darkness while maximum photosynthetic rate (PMax) 193 
was measured at the highest light intensity (375 μmol photons m-2 s-1) which is above the 194 
saturating light intensity (100-150 μmol photons m-2 s-1) reported for Saccharina latissima 195 
(Fortes and Lüning 1980, Borum et al. 2002). The light utilization efficiency (α) and the light 196 
compensation (IC) point were estimated from linear regression on six data points obtained at 197 
low light (range: 0-55 μmol photons m-2 s-1) while the light saturation point (ISAT) was 198 
estimated as the intercept between α and PMax.  199 
 200 
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Chlorophyll a fluorescence: Chlorophyll a fluorescence was measured using pulse 201 
amplitude modulated (PAM) fluorometry (Maxwell and Johnson 2000; Papageorgiou and 202 
Govindjee 2004). The level of stress and the photo-protective response in the plants was 203 
evaluated from changes in the maximum quantum yield (Fv/Fm) and the heat dissipation 204 
efficiency (i.e. maximum non-photochemical quenching; NPQMax) of PSII (Maxwell and 205 
Johnson 2000). The fluorescence parameters (i.e. Fv/Fm and NPQMax) were measured on four 206 
replicate plants from each combination of sampling site and growth temperature by the end of 207 
the experiment. Plants were initially placed in darkness for 15 minutes, keeping the water 208 
temperature stable at the growth temperature. A disc (3 cm in diameter) was cut from the 209 
middle of each thallus immediately before measuring the fluorescence parameters F0 , Fm and 210 
F'm  (Maxwell and Johnson 2000) using a Walz Imaging-PAM (Walz, Effentrich, Germany). 211 
The discs were placed at the bottom of a petri dish filled with seawater at a fixed distance 212 
from the camera of the Imaging-PAM during the measurements. Each PAM-run consisted of 213 
measurements at 13 levels of illumination spanning from 0-460 μmol photons m–2 s–1 (PAR). 214 
Each illumination lasted 10 s and each PAM-run was completed within 2 min. Three circular 215 
areas on the resulting fluorescence image of each thallus disc were subsequently selected and 216 
numerical values of the fluorescence parameters were extracted using the ImagingWin 217 
software (Walz, Effentrich, Germany). These were used to calculate mean values of F0, Fm 218 
and F'm for each disc.  219 
 220 
Pigment concentrations: Pigment concentrations were measured on four replicate 221 
plants from each combination of sampling site and growth temperature by the end of the 222 
experiment. High performance liquid chromatography (HPLC) was used to separate and 223 
quantify the content of light harvesting pigments (chlorophyll a, chlorophyll c and 224 
fucoxanthin) and, the two xanthophyll cycle pigments violaxanthin and zeaxanthin. Whole 225 
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plants were sampled, freeze-dried and ground to a fine powder. Ten mg sample was 226 
suspended in 2 mL MeOH followed by 30 min sonication. Pigment separation was carried out 227 
on a 4.6 x 150 mm Water Spherisorb ODS 2 column (C18, 3 μm particle size) fitted on a 228 
Dionex Summit HPLC system (Dionex, Hvidovre, Denmark). Elution was performed by 229 
applying a gradient method using two eluents: (A) 80:20 (v/v) methanol and 1 M ammonium 230 
acetate and (B) 90:10 (v/v) methanol and acetone. A gradient elution was run for 10 min 231 
changing from 50:50 composition of eluent A and B to 100% eluent B followed by 11 min 232 
elution on 100% eluent B. The column was recalibrated for 9 min on the initial composition 233 
of eluent A and B. Pigment concentrations were expressed in units of μg pigment g-1 DW.  234 
 235 
Nitrogen content: Tissue N-content was measured on freeze-dried and ground 236 
samples (same as those used for pigment analyses) using an EA 1110 CHNS elemental 237 
analyzer (CE Instruments, Italy), in order to check for the possibility of N-limitation in the 238 
cultures.  239 
 240 
Survival: Plant condition and survival was evaluated from pigmentation and 241 
consistency of the tissue. Plants with severely perforated or bleached meristems were 242 
considered deceased.  243 
 244 
Statistical analyses: The effect of growth temperature, sampling site and assay 245 
temperature on the photosynthetic performance (PMax, α and RD), fluorescence parameters 246 
(Fv/Fm and NPQmax) and pigment concentrations were analyzed by use of permutational 247 
multivariate analyses of variance (PERMANOVA). This approach was chosen because 248 
several response variables were obtained from each analysis of photosynthetic performance, 249 
fluorescence and pigment concentrations, respectively, and because parameters were likely 250 
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inter-correlated. Data were normalized to minimize scale differences among response 251 
variables before analysis. PERMANOVAs were executed using Type I (sequential) sum of 252 
squares on geometric (Euclidean) distances using unrestricted permutation of raw data 253 
(Anderson et al. 2008). 254 
The experimental design represents a partly nested design (Quinn and Keough 2002). 255 
Aquaria (random factor) were nested in the ‘between subject’ factor growth temperature 256 
(fixed). The ‘within subject’ factors, i.e. sampling site (fixed) in the case of photosynthetic 257 
performance measured at growth temperatures, fluorescence and pigment concentrations or, 258 
sampling site and assay temperature (both fixed) in the case of photosynthetic performance 259 
measured at various assay temperatures, were un-replicated in each aquarium. Site was 260 
considered a fixed factor because sites were chosen to represent the entire distributional range 261 
of Saccharina latissima in southern Norway and, therefore, did not represent a random 262 
sample of all potential sites in the area.   263 
The loss of all 20°C plants from Dröbak prevented us from running the full statistical 264 
analyses described above because PERMANOVA requires a fully balanced design. We 265 
divided therefore each statistical analysis into two; one including data from all sites but 266 
omitting the 20°C treatment and, one including data from all growth temperatures but 267 
omitting plants from Dröbak (Underwood 1997, Quinn and Keough 2002).  268 
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Results 269 
The photosynthetic performance was similar in plants grown and assayed at 10 and 270 
15°C, respectively, but changed markedly in plants grown and assayed at 20°C (Table 1). 271 
Maximum photosynthetic rate (PMax), the photosynthetic efficiency (α) and respiration (RD) 272 
remained almost the same at 10 and 15°C, but PMax and α dropped and RD increased 273 
substantially in plants from Bergen and Grimstad when these were held and assayed at 20°C 274 
(Figure 3). The low α-values and high respiration rates obtained at 20°C lead to a higher light 275 
compensation point (IC) whereas the saturating light intensity (ISat) remained little affected by 276 
growth temperature (Figure 4). Sampling site had a marginal effect on the photosynthetic 277 
performance; plants from Dröbak performed slightly better (i.e. higher PMax and lower RD) 278 
than plants from Grimstad and Bergen at 10 and 15°C while the performance in plants from 279 
Bergen and Grimstad was similar at all growth temperatures. We found no interaction effect 280 
between growth temperature and site (Table 1). 281 
  282 
Light efficiency and protection of PSII. Fluorescence parameters were significantly 283 
affected by growth temperature, but not by sampling site and not by the interaction between 284 
growth temperature and site (Table 2). The composite response of Fv/Fm and NPQmax in 285 
plants grown at 20°C differed significantly from that in plants grown at 10 and 15°C. Average 286 
Fv/Fm (across sites) decreased from 0.62 in plants grown at 10°C to 0.55 in plants grown at 287 
20°C (Figure 5). The average heat dissipation (across sites) efficiency of PSII (NPQmax) 288 
decreased, in contrast, almost 50% with increasing temperature, being 0.047 in plants grown 289 
at 10°C and 0.024 in plants grown at 20°C (Figure 5).  290 
 291 
Pigment content. The concentrations of all pigments (chlorophyll a and c, 292 
fucoxanthin, violaxanthin + zeaxanthin) were significantly affected by growth temperature 293 
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and by site, but not by the interaction between growth temperature and site (Table 3). The 294 
average concentration of chlorophyll a (across sites) decreased with 60% from ca. 183 μg Chl 295 
a g-1 DW in plants grown at 10°C to ca. 73 μg Chl a g-1 DW in plants grown at 20°C (Figure 296 
6). Concentrations of chlorophyll c and fucoxanthin were even more affected by increasing 297 
growth temperature, as shown by the marked change in pigment ratios with increasing growth 298 
temperature (Figure 5); plants grown at 20°C had less fucoxanthin, chlorophyll c and 299 
violaxanthin + zeaxanthin relative to chlorophyll a than plants grown at 10 and 15°C, 300 
respectively. Plants from Dröbak had higher pigment concentrations than those from 301 
Grimstad and Bergen when compared at 10 and 15°C. 302 
 303 
N content. Tissue N content varied from 1.20 to 1.82% of DW in plants by the end of 304 
the experiment (Table 4). The N-content was affected by growth temperature 305 
(PERMANOVA; p = 0.001), but not by site, nor by the interaction between growth 306 
temperature and site (p > 0.859 and p > 0.094, respectively). The lowest average N-content 307 
was found in plants grown at 15°C independent of site, indicating that these plants had grown 308 
faster than plants held at 10 and 20°C, respectively. 309 
 310 
Survival. Most plants survived through the experimental period. However, more 311 
individuals (ca. 15%) died at 20°C than in the 10 (ca. 1%) and 15°C (ca. 2%) treatments. 312 
Plants grown at 20°C were more feeble than those grown at lower temperatures; the distal part 313 
of the fronds had lost their pigmentation, they were perforated and fragile, but the lower part 314 
of the blade and the zone between the stipe and the blade (the meristem) seemed intact.  315 
 316 
Photosynthetic response to abrupt, short-term changes in temperature.  Growth 317 
temperature, assay temperature, site and the interactions between these factors all had a 318 
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significant effect on the photosynthetic response of Saccharina latissima (Table 5). Assay 319 
temperature affected photosynthesis across all growth temperatures and sites. Photosynthetic 320 
rates at high light (PMax) and photosynthetic efficiency (α) showed an almost unimodal 321 
response to assay temperature (Figure 7); high rates were obtained at assay temperatures 322 
equal or close to the growth temperature in plants grown at 10 and 15°C, respectively. Lower 323 
or higher assay temperatures generally caused a reduction in PMax and α. This pattern differed 324 
for plants grown at 20°C, which performed best at low assay temperatures and poorer with 325 
increasing temperatures. The interaction between assay temperature and site revealed that 326 
plants from Bergen tended to have higher photosynthetic rates than those from Grimstad and 327 
Dröbak at the lowest assay temperature (see Figure 7).  328 
Respiration rates (RD) in plants grown at 10 and 15°C were relatively similar across 329 
sites and assay temperature. RD in these plants was lowest at assay temperatures close to the 330 
growth temperature and increasing with higher assay temperatures (Figure 7). The increase in 331 
RD with increasing assay temperature was, however, rather small and could not explain the 332 
decrease in net PMax with increasing assay temperature. Plants grown at 20°C had much 333 
higher (5 to 10-fold) RD than plants grown at 10 and 15°C independent of assay temperature.  334 
 The variation in photosynthetic performance with changing assay temperature caused 335 
variations in the light compensation point (IC) and the saturating light intensity (ISat) as 336 
well(Figure 8). IC was low at low assay temperatures (i.e. 5, 10 and 15°C) and especially so at 337 
the growth temperature, but increased substantially with increasing temperatures. This pattern 338 
was consistent across sites and growth temperatures, except that IC was much higher for each 339 
level of assay temperature in plants grown at 20°C than in those grown at 10 and 15°C. ISat 340 
increased with increasing assay temperature regardless of site and growth temperature (Figure 341 
8). However, the photosynthesis in plants from Bergen saturated at lower light intensities than 342 
in those from Grimstad and Dröbak when grown at 10°C. The opposite was true for plants 343 
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grown at 15°C; plants from Bergen needed higher light intensities than plants from the other 344 
sites to saturate photosynthesis. 345 
  346 
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Discussion 347 
Sachharina latissima used to be the dominant kelp species along the south coast of 348 
Norway, but most populations have disappeared over the last decade. This loss correlates to a 349 
rise in sea surface temperature in northern Skagerak, where temperatures now exceed 20°C 350 
for weeks in most summers. The question is whether the observed increase in temperature can 351 
explain the extensive loss of these kelp forests. 352 
 Most plants can tolerate (i.e. survive) a broad range of temperatures. Metabolic rates 353 
(including net photosynthesis and growth) increase with increasing temperature until the 354 
optimal temperature is reached, above which the rates decline. Temperatures slightly above 355 
the optimum may cause reversible physiological responses in the plant, for example, a larger 356 
increase in respiration than in gross photosynthesis. Such temperatures are not lethal per se, 357 
but reduce net photosynthesis, growth and fitness, which may leave the plants more 358 
susceptible to other stressors (Wernberg et al. 2010). Temperature increases beyond the upper 359 
limit of tolerance may, on the other hand, cause irreversible damages including denaturation 360 
of proteins, malfunctioning of enzyme systems and injury of membranes, which will affect 361 
the survival of the plant (Wahid et al. 2007, Davison 1991). 362 
 Optimum temperatures for photosynthesis and growth in different organisms vary. 363 
Most plants can acclimate to changes in temperature within their limits of tolerance. Thermal 364 
acclimation in plants relies on regulation of pigment levels, the amount of photosynthetic 365 
units and the amount and activity of enzymes (Wahid et al. 2007, Davison 1991, Salvucci & 366 
Crafts-Brandner 2004). Furthermore, tolerance limits and optimum temperatures may vary 367 
within the same species as a function of geographic and/or regional origin. Such variations are 368 
caused by genotypic adaptation, resulting in the presence of distinct ‘eco-types’ with different 369 
tolerance limits and optimum temperatures (Davison 1991).     370 
 371 
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Thermal acclimation. Previous studies have shown that Saccharina latissima has a 372 
high capacity for thermal acclimation. Davison & Davison (1987) showed that plants 373 
collected at Helgoland (Germany) obtained similar rates of net photosynthesis and growth 374 
when cultured and assayed at temperatures ranging from 5 to 20°C. This acclimation was 375 
correlated to changes in the amount and activity of Rubisco and other Calvin cycle enzymes, 376 
and on changes in pigment concentrations (Davison & Davison 1987, Davison et al. 1991, 377 
Machalek et al. 1996).     378 
The optimal temperature for photosynthesis in Sachharina latissima from southern 379 
Norway ranged between 10 and 15°C whereas plants exposed to 20°C for weeks showed 380 
poorer performance and suffered relatively high mortality, which corresponds well to the 381 
temperature ranges reported for S. latissima in Müller et al. (2009). Net photosynthetic rates 382 
(PN) of plants grown and assayed at 10 and 15°C were almost identical. Short-term exposure 383 
to a broad range of temperatures showed that PN increased with increasing temperature until 384 
the optimum temperature was reached, above which it declined. The same was evident for 385 
respiration (RD), where low rates were observed at temperatures close to the growth 386 
temperature. The changes in PMax, α and RD caused IC to be low near to the growth 387 
temperature, but increasing at higher assay temperatures, which indicates thermal acclimation. 388 
The poor performance of plants grown at 20°C, however, shows that S. latissima from 389 
southern Norway were unable to acclimate to the highest temperature. Results obtained for 390 
other purposes showed further that plants from Bergen and Grimstad grown at 5°C for months 391 
had significantly lower PMax (3-6 μmol O2 g FW
-1 h-1) and α (0.13-0.21 μmol O2 g FW
-1 h-1 392 
[μmol m-2 s-1]-1), but higher RD (ca. 2.6 μmol O2 g FW
-1 h-1) than plants held at 10 and 15°C, 393 
respectively (M.F. Pedersen, unpublished data). Together, these results show that S. latissima 394 
from southern Norway can optimize net photosynthesis to temperatures ranging between 10 395 
and 15°C, but probably not beyond these limits. The range of optimal temperatures in these 396 
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plants seems thus to be narrower than in plants from Helgoland. 397 
Increasing temperatures should lead to higher pigment levels and lower amounts or 398 
lower activity of Calvin cycle enzymes (Davison and Davison 1987, Davison 1991, Machalek 399 
et al. 1997). We did not measure the amount and/or the activity of Rubisco or other enzymes, 400 
but pigment concentrations and the ratio between antenna pigments and chlorophyll a 401 
decreased slightly as the growth temperature was raised from 10 to 15°C. Although several 402 
studies have documented positive correlations between pigment concentrations in algae and 403 
temperature, other studies have shown the opposite trend. Staehr & Wernberg (2009) found, 404 
for example, a negative correlation between pigment concentration and in situ temperature in 405 
the Australian kelp Ecklonia radiata. The observed thermal acclimation in Sacharina 406 
latissima grown at 10 and 15°C may therefore occur mainly through changes in the amount 407 
and activity of Rubisco and other enzymes.  408 
 409 
The negative effects of high temperature. The low performance and high mortality 410 
observed among plants grown at 20°C indicate that this temperature is close to the upper 411 
tolerance limit of Norwegian Sachharina latissima. Respiration (RD) increased substantially 412 
when the growth temperature was raised from 15 to 20°C, indicating severe thermal stress. 413 
High RD caused a decrease in net photosynthesis (PN), but the observed drop in net PMax at 414 
20°C (ca. 15 μmole O2 g
-1 FW h-1) could not be explained by the increase in RD (ca. 4 μmole 415 
O2 g
-1 FW h-1) alone. Gross PMax is mainly determined by the amount and activity of Rubisco 416 
or, rather, by Rubisco activase that is sensitive to high temperatures (Salvucci & Crafts-417 
Brandner 2004) and lower gross photosynthesis at 20°C may thus have been caused partly by 418 
reduced enzyme activity. Also, PSII is the most thermo-labile part of the photosynthetic 419 
apparatus (Wahid et al. 2004) and reduced photosynthesis at high temperatures is often related 420 
to the malfunctioning of PSII (Fork et al. 1979). The observed drop in photosynthesis at 20°C 421 
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was accompanied by a significant decrease in maximum quantum yield (Fv/Fm) and non-422 
photosynthetic quenching (NPQmax) indicating reduced functionality of PSII (Maxwell and 423 
Johnson 2000). Although the decrease in Fv/Fm was relatively small (ca. 10%) as the growth 424 
temperature was raised from 10 to 20°C, it corresponded very well to changes observed in 425 
Saccharina latissima from North America and Laminaria japonica from China when these 426 
were exposed to high temperatures (Gerard 1997, Liu & Pang 2009). The marked decrease 427 
(ca. 50%) in NPQmax in plants grown at high temperature supported the hypothesis that PSII 428 
did not function properly at 20°C. Low photosynthetic rates in plants held at 20°C may thus 429 
have been caused by a combination of reduced activation of Rubisco and impaired 430 
functionality of PSII. The photosynthetic efficiency (α) was also reduced substantially in 431 
plants grown at high temperature. The level of α is mainly, but not entirely, determined by 432 
pigment concentrations and the observed drop in α correlated well with the observed decline 433 
in chlorophyll a and other light harvesting pigments at high growth temperature. Loss of 434 
pigments is a common response during severe heat stress in plants (Wahid et al. 2004) and 435 
may partly be due to membrane injuries. Low rates of net photosynthesis in plants grown at 436 
high temperature seem therefore to have been caused by a combination of increasing 437 
respiration rates, lower pigment concentrations, injured PSII and most likely also impaired 438 
Rubisco activity.  439 
 Our results showed that 3-4 weeks of exposure to 20°C was harmful to Saccharina 440 
latissima from Southern Norway. We do not, however, know for how long plants can tolerate 441 
20°C before they become injured and we do not know if such plants would be able to recover 442 
if subsequently exposed to lower temperatures. 443 
 444 
Adaptation. We found only a few marginal differences when we compared the 445 
photosynthetic response of plants across sampling site. Plants from the warmest site, Dröbak, 446 
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had slightly higher PMax and α and contained more pigments than those from the other sites 447 
when grown at 10 and 15°C. This suggests that plants from Dröbak may be able to handle 448 
high temperatures better. Conversely,  plants from Bergen seemed more able to handle low 449 
temperatures. These plants had higher photosynthetic rates than plants from the other sites 450 
when exposed to low assay temperature (5°C) and their light requirements (ISat) were also 451 
consistently lower than in plants from the other sites when grown at 10°C (across all assay 452 
temperatures). This pattern reversed in plants grown at 15°C; plants from Bergen had higher 453 
ISat than those from the other sites. These results indicate that plants from Bergen performed 454 
somewhat better than those from other sites when grown at low temperature, which is also 455 
supported by the fact that plants from Bergen performed significantly better (higher PMax and 456 
α, lower RD and IC) than plants from Grimstad when grown for months at 5°C (M.F. Pedersen, 457 
unpublished data).  458 
Overall, plants from all three sites responded almost identically to different growth 459 
and assay temperatures. Any difference in temperature regimes  may simply have been too 460 
small to cause different adaptations among sampling sites. In contrast, Gerard & Du Bois 461 
(1988) found considerably variation in the optimum temperature and in the upper tolerance 462 
limit among North American populations of S. latissima (Maine versus Long Island), and 463 
concluded that this was due to adaptation rather than acclimation. Borum et al. (2002) 464 
provided another strong evidence for adaptation to local temperature regimes in S. latissima 465 
collected in Young Sund (NE Greenland). These plants live in water with constantly low 466 
temperatures (from -1.4 to 0.0°C), but their photosynthetic performance was very similar to 467 
that of plants from southern Norway when grown at 10 and 15°C. These findings provide 468 
strong evidence that S. latissima can adapt to a broad range of temperatures, which may 469 
explain its wide range distribution. 470 
 471 
 22 
Perspective in relation to kelp loss in Norway. Long-term exposure to 20°C left the 472 
plants in a poor condition and with a low photosynthetic capacity. This result is ecologically 473 
relevant because sea temperatures may reach and rise above 20°C in southern Norway in 474 
summer (Moy et al. 2008, Moy and Christie 2012). Our results support the hypothesis that 475 
long periods (weeks) of high water temperature, as observed in the summers of 1997, 2002 476 
and 2006, are harmful to Saccharina latissima and may have caused substantial losses of this 477 
species along the south coast of Norway. However, there seems to be more to this story. S. 478 
latissima used to be abundant in the entire depth range from 1 to 20 m and water temperatures 479 
in deeper waters are significantly lower than in the surface (Figure 2). A large proportion of 480 
the population would therefore never have experienced temperatures near 20°C in summer. 481 
High kelp mortality has also been observed in years with more tolerable summer temperatures 482 
(Sogn Andersen et al. 2011), so other factors must have contributed to the losses. Super-483 
optimal, but sub-lethal, temperatures may lower the resilience of kelp, and high temperature 484 
may increase the impact of other, potentially stressful, factors (Wernberg et al. 2010). S. 485 
latissima have experienced increasing competition (for light) from filamentous algae and 486 
epiphytes that have become more abundant along the south-coast of Norway over the last 2-3 487 
decades (Moy and Christie 2012). The blade of S. latissima is heavily fouled by epiphytes in 488 
summer and these deprive the host plants of light (Sogn Andersen et al. 2011). Preliminary 489 
results have shown that epiphytes may attenuate as much as 80-100 % of the available light 490 
(Sogn Andersen, unpublished data). High summer temperatures cause a substantial increase in 491 
IC, which makes the plants more susceptible to light limitation and high density of drift 492 
macroalgae and/or epiphytes may therefore impair the carbon acquisition and cause an 493 
imbalance in the C-budget of the plant. 494 
Global ocean warming is expected to cause a latitudinal shift in the distribution of 495 
most kelp species and it seems likely that the recent loss of Saccharina latissima in southern 496 
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Norway is partly a result of extraordinary warm summers. It is, however, important to keep in 497 
mind that temperature interacts with other potentially stressful factors, all of which vary on 498 
both temporal and geographical scales. This complicates any attempt to make general and 499 
large-scale predictions. The changes in kelp distributions potentially following changes in sea 500 
temperature may not only be mediated by acclimation and local adaptations, but also affected 501 
by potentially confounding factors such as coastal eutrophication and by biological 502 
interactions. Attempts to make predictions for the future distribution of S. latissima and other 503 
kelp species are likely to fail unless all these variables are accounted for. 504 
 505 
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Table 1. Results of partly nested PERMANOVAs testing the effect of growth temperature 
(GT) and sampling site (Si) on the photosynthetic response variables (PMax, α and RD) in 
Saccharina latissima. Due to a missing cell (Dröbak 20° C), two tests were conducted: one 
including all sites (Bergen, Grimstad and Dröbak) but omitting 20° C and, one including all 
temperatures (10, 15 and 20° C) but omitting Dröbak. 
 Omitting 20 °C  Omitting Dröbak 
Source of 
variation 
df MS Pseudo-F P 
 
df MS Pseudo-F P 
GT  1 3.381 1.448 0.266  2 23.411 45.845 <0.001 
AQ(GT) 6 2.336 0.969 0.498  9   0.511   0.333   0.977 
Si 2 6.338 2.631 0.043  1   0.294   0.192   0.832 
GT × Si 2 5.009 2.079 0.097  2   1.739   1.134   0.360 
Residuals 12 2.409    9   1.535   
 Pairwise test Site: D ≠ B&G  Pairwise test GT: 20 ≠ 10&15 
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Table 2. Results of partly nested PERMANOVAs testing the effect of growth temperature 
(GT) and sampling site (Si) on Chlorophyll a fluorescence data (Fv/Fm and NPQMax) in 
Saccharina latissima. Due to a missing cell (Dröbak 20° C), two tests were conducted: one 
including all sites (Bergen, Grimstad and Dröbak) but omitting 20° C and, one including all 
temperatures (10, 15 and 20° C) but omitting Dröbak.  
 Omitting 20 °C  Omitting Dröbak 
Source of 
variation 
df MS Pseudo-F P 
 
df MS Pseudo-F P 
GT  1 4.454 2.880 0.108  2 6.043 4.066 0.021 
AQ(GT) 6 1.578 0.745 0.706  9 1.486 0.802 0.679 
Si 2 1.893 0.984 0.483  1 1.829 0.987 0.422 
GT × Si 2 1.391 0.657 0.641  2 1.016 0.548 0.687 
Residuals 12 2.118    9 1.853   
  Pairwise test GT: 20 ≠ 10 & 15. 620 
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Table 3. Results of partly nested PERMANOVAs testing the effect of growth temperature 
(GT) and sampling site (Si) on pigment data (Chl a, Chl c, fucoxanthin, violaxanthin and 
zeaxanthin) in Saccharina latissima. Due to a missing cell (Dröbak 20° C), two tests were 
conducted: one including all sites (Bergen, Grimstad and Dröbak) but omitting 20° C and, 
one including all temperatures (10, 15 and 20° C) but omitting Dröbak. 
 Omitting 20 °C  Omitting Dröbak 
Source of 
variation 
df MS Pseudo-F P 
 
df MS Pseudo-F P 
GT  1 23.004 8.056 0.026  2 27.442 13.812 <0.001 
AQ(GT) 6   2.856 1.366 0.301  9   1.987   1.170 0.398 
Si 2  10.718 5.126 0.031  1   0.475   0.280 0.730 
GT × Si 2   2.669 1.276 0.304  2   1.735   1.021 0.386 
Residuals 12   2.091    9   1.699   
 Pairwise test GT: 10 ≠ 15 
Pairwise test Site: D ≠ B&G 
 
Pairwise test GT: 20 ≠ 10 & 15 
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Table 4. Tissue N content in Saccharina latissima collected near Bergen, Grimstad and 
Dröbak, and grown in cultures at 10, 15 and 20 °C. Mean values ±sd (n = 4).     
Nutrient (% DW) Site 10 °C 15 °C 20 °C 
Nitrogen Bergen 1.69 ±0.23 1.20 ±0.25 1.72 ±0.30 
 Grimstad 1.54 ±0.11 1.26 ±0.13 1.82 ±0.18 
 Dröbak 1.39 ±0.26 1.39 ±0.25 na 
  625 
 33 
 626 
Table 5. Results of partly nested PERMANOVAs testing the effect of growth temperature (GT), 
assay temperature (AT) and sampling site (Si) on the photosynthetic response variables (PMax, α 
and RD) in Saccharina latissima. Due to a missing cell (Dröbak 20° C), two tests were 
conducted: one including all sites (Bergen, Grimstad and Dröbak) but omitting 20° C and, one 
including all temperatures (10, 15 and 20° C) but omitting Dröbak. 
 Omitting 20 °C  Omitting Dröbak 
Source of 
variation 
df MS Pseudo-F P  df MS Pseudo-F P 
GT  1   0.987   0.577   0.609  2 60.250 186.980 <0.001 
AQ(GT) 6   1.712   1.138   0.329  9   0.322    0.357   0.996 
AT 4 24.460 16.260 <0.001  4 14.705   16.302 <0.001 
Si 2   6.567   4.366 0.002  1   3.769    4.178   0.015 
GT × AT 4   7.491   4.979 <0.001  8   7.535    8.353 <0.001 
GT × Si 2   6.738   4.479 <0.001  2   3.369    3.735   0.004 
AT × Si 8   3.605   2.396   0.002  4   2.509    2.781    0.004 
GT × AT × Si 8   4.516   3.002 <0.001  8   2.611    2.895 <0.001 
Res 84   1.504    81   0.902   
 627 
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Figure captions 
Figure 1. Map of sample sites. B pinpoints the sample site in vicinity of Bergen at the south-west side of 
Norway, G pinpoints the southern-most sample site in vicinity of Grimstad and D the south-east sample 
site close to Dröbak. 
Figure 2. Average water temperature in August at 1 and 20 m depth, respectively, near the three 
sampling sites (B: Bergen, G: Grimstad, D: Dröbak). Data cover the period from 1980 to 2006. Mean 
values ±sd (n=27). Small horizontal bars represent observed minimum and maximum mean 
temperatures in August. 
Figure 3. Photosynthetic parameters (A: PMax; B: α; C: RD) in plants from Bergen, Grimstad and Dröbak 
measured at the respective growth temperatures (10, 15 and 20 °C). Mean values ±sd (n=4). 
Figure 4. Compensation (A) and saturating (B) irradiance in plants from Bergen, Grimstad and Dröbak 
measured at the growth temperatures (10, 15 and 20 °C). Mean values ±sd (n=4). 
Figure 5. Chlorophyll fluorescence variables. Fv/Fm (A) and NPQmax (B) in plants from Bergen, Grimstad 
and Dröbak, grown at 10, 15 and 20 °C, respectively. Mean values ±sd (n = 4). 
Figure 6. Pigments. Chlorophyll a content (A) and the ratios between Chlorophyll c (B), Fucoxanthin (C), 
Viola+Zeaxanthin (D) and Chlorophyll a in plants from Bergen, Grimstad and Dröbak, grown at 10, 15 
and 20 °C, respectively. Mean values ±sd (n = 4). 
Figure 7. Photosynthetic parameters (A: PMax; B: α; C: RD) in plants from Bergen, Grimstad and Dröbak 
grown at 10, 15 or 20°C and assayed over a broad range of temperatures (5, 10, 15, 20 and 25°C, 
respectively). Mean values ±sd (n=4). Solid lines describe the mean situations across sites. 
Figure 8. Compensation (A) and saturating (B) irradiance in plants from Bergen, Grimstad and Dröbak 
grown at 10, 15 or 20°C and assayed over a broad range of temperatures (5, 10, 15, 20 and 25°C, 
respectively). Mean values ±sd (n=4). Solid lines describe the mean situations across sites. 
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